The inhibition of the 90-kDa heat shock protein (HSP90) leads to upregulation of the 70-kDa-inducible HSP70. HSP70 has been previously shown to be neuroprotective and anti-inflammatory. Geldanamycin (GA) and other HSP90 inhibitors have emerged as promising therapeutic agents in cancer, presumably owing to their ability to upregulate HSP70. However, the effects of HSP90 inhibition in brain inflammation are still unclear. We investigate the effect of a panel of HSP90 inhibitors on endotoxin-activated microglia and eventual protection from brain-derived endothelial cells. Prior studies have shown that GA protects brain cells from oxidative stress. We show here that when astrocytes or microglial BV2 cells were pretreated with GA or other HSP90 inhibitors, endotoxin-induced cell death was reduced in cocultures of BV2 microglia and brain-derived endothelial cells (bEND.3). Endotoxin-stimulated BV2 cells led to increased nitric oxide (NO) and inducible nitric oxide synthase which was prevented by treatment with all HSP90 inhibitors. HSP90 inhibitors also prevented lipopolysaccharide (LPS)-induced BV2 cell death. We also found that HSP90 inhibition blocked nuclear translocation of nuclear factor kappa B and attenuated IjBa degradation, and inhibited LPS-activated JAK-STAT phosphorylation. We show that pharmacologic inhibition of HSP90 with subsequent HSP70 induction protects cells that comprise the cerebral vasculature against cell death owing to proinflammatory stimuli. This approach may have therapeutic potential in neurological conditions with an inflammatory component.
Introduction W e and others have previously shown that the 70-kDa heat shock protein (HSP70) protects brain cells against ischemia and other insults (Stetler et al., 2010) . One mechanism of this protective effect may be through its ability to prevent detrimental proinflammatory responses . We previously showed that overexpression of HSP70 in transgenic animals protected against traumatic brain injury by decreasing blood-brain barrier (BBB) disruption and hemorrhage. This effect was correlated to the suppression of matrix metalloproteinases (Kim et al., 2013) . Translating the beneficial effect of HSP70 to the clinical level may include the use of pharmacological inducers of HSP70, such as those compounds which inhibit the 90-kDa HSP90 (Kim et al., 2012) .
HSP90 is another molecular chaperone in the same family as HSP70, and it is known to regulate HSP70 induction. It is normally bound to heat shock factor (HSF), but under the conditions of stress, HSP90 dissociates from HSF, and HSF can bind the promoter of HSP70, heat shock element (Sharp et al., 1999) . Thus, by inhibiting HSP90, HSP70 can be pharmacologically induced. Several HSP90 inhibitors (also referred to as HSP70 inducers) have already been studied as a potential cancer treatment, both at the preclinical and at the clinical levels (Hwang et al., 2009; Soga et al., 2013) . Geldanamycin (GA) and its analog 17-allyamino-17-demethoxygeldnamycin (17-AAG), represent a class of HSP90 inhibiting drugs, the benzoquinone ansamycin antibiotics, capable of inducing HSP70 through its ability to bind and disrupt the function of HSP90 (Georgakis and Younes, 2005; Hwang et al., 2009; Kim et al., 2012; Miyata, 2005) . HSP90 inhibitors, by virtue of their ability to induce HSP70, have been shown to promote the protection against tissue injury (Harrison et al., 2008; Kwon et al., 2008; Lu et al., 2002; Ouyang et al., 2005; Sonoda et al., 2010; Xu et al., 2003) .
Recent findings also highlight the role of HSPs in modulating immune response and the inflammatory pathways, and the benefit of overexpression of HSP70 and anti-HSP90 therapy against inflammation during infection, immune disease, or ischemia/reperfusion-induced injury such as experimental stroke (Jones et al., 2011; Kim et al., 2012; Poulaki et al., 2007; Rice et al., 2008; Tsan and Gao, 2009; Yenari et al., 2005; Zheng et al., 2008) . To our knowledge, there have been no previous studies examining the role of HSP90 inhibitors in brain inflammation.
We previously developed a model of inflammationinduced brain endothelial cell injury in which we can study the effects of inflammatory responses on the cerebral vasculature (Kacimi et al., 2011) . In this model, the application of the endotoxin lipopolysaccharide (LPS) to cocultures of brain-derived endothelial cells and microglia lead to endothelial cell death. We use this model to examine a panel of HSP90 inhibitors, and examine their potential in protecting cells of the brain's vasculature.
Materials and Methods

Materials
All reagents were of high grade and were purchased from Sigma with the following exceptions. RPMI, Dulbecco's modified Eagle's medium (DMEM), Calcein, and other culture reagents were purchased from Invitrogen (Grand Island, NY) and the UCSF cellculture facility (UCSF, San Francisco, CA). Fetal bovine serum (FBS) defined was purchased from Hyclone Laboratories (Logan, UT). Selective HSP90 inhibitors: GA, 17-AAG, radicicol, and BIIB021 were purchased from Calbiochem (San Diego, CA). LPS (Escherichia coli, O26:B6) was purchased from Sigma (St. Louis, MO). The drugs were dissolved in DMSO or ethanol and stored at 220 C and either used as final concentration of vehicle (0.1% v/v) or dried down and resuspended in phosphate-sbuffered saline (PBS)/ 0.1% bovine serum albumin (BSA). HSP antibodies were purchased from Assay design (Enzo Life sciences), for MAP stress-activated kinase anti-phospho-JNK/SAPK mAb (#4668) were from Cell Signaling Technology (Danvers, MA); anti-NF-kBp65 (# SC-8008), anti-IjBa (# SC-1643) and respective horseradish peroxidasecoupled secondary antibodies were purchased from Santa Cruz (Santa Cruz, CA) and antibodies against mouse HSP70i (#SPA-810) from Enzo Life Sciences, inducible nitric oxide synthase (iNOS) (# 61043), were from BD Biosciences (Lexington, KY); cyclooxygenase-2 (COX-2) antibody is from Cayman Chemical (Ann Arbor, MI [# 160106]).
Cell Culture
Glial Cell Preparation. Primary mouse astrocytes were isolated and prepared by proteolytic dissociation of neonatal cortical tissue and cultured using standard protocols as described previously (Yenari et al., 2006) . Brains obtained from 1-to 3-day-old pups were minced and resuspended in perfusion buffer with 10% of FBS. To remove debris, the suspension then was passed through a filter (Falcon). Cells that passed through the filter were pelleted by centrifugation at 500g for 5 min, and the supernatant was removed. The pellet was washed twice, and resuspended in Minimal Essential Medium (MEM) containing 10% of FBS supplemented with antibiotics (penicillin/streptomycin, 100 U/mL). After 1 h of attachment to tissue culture plates, cells that were weakly attached or unattached (neuronal cells, endothelial cells, smooth muscle cells, and red blood cells) were rinsed free and discarded. Adherent cells either pure astrocytes or microglia-enriched mixed glial cells were grown and used for 1-3 passages as described previously (Yenari et al., 2006) . Some astrocyte cultures were exposed to 5-h hypoxia followed by reoxygenation for 24 h, using an anoxia chamber as described previously (Lee et al., 2004) . In astrocytes, hypoxia, unlike oxygen-glucose deprivation, does not cause significant cell stress or death. As a positive control, other astrocyte cultures were exposed to heat stress using a paradigm previously shown to induce endogenous HSP70 (Kim et al., 2002) .
BV2 Cells. The immortalized mouse microglia cell line, BV2 cells, exhibits both the phenotypic and the functional properties of reactive microglia cells and is a suitable model of inflammation as described previously (Kacimi et al., 2011; Webster et al., 2013) . Briefly, cells were grown and maintained in RPMI supplemented with 10% of FBS and antibiotics (penicillin/streptomycin, 100 U/ mL). Under a humidified 5% CO 2 /95% air atmosphere and at 37 C, cells were plated in 75-cm 2 cell-culture flask (Corning, Acton, MA) and were split twice a week. For the experiments, cells were placed on six-well dishes as described previously (Kacimi et al., 2011) .
BEND.3 Cells. The immortalized mouse brain microvascular endothelial cell line, bEND.3, was purchased from American Type Culture Collection (Manassas, VA). Cells were grown in DMEM supplemented with 450 mg/dL of glucose, 10% of FBS defined, and antibiotics. For coculture of BV2 cells and microvascular endothelial cells, bEND.3 cells were grown to confluence in DMEM with serum, thereafter BV2 cells were seeded on the top of the monolayer and set to adhere for 24 h before each experimental design as described previously (Kacimi et al., 2011) .
Experimental Protocols
Cell Treatment. Cells were cultured to approximately 80% of confluence, and the cultures with a density of approximately 0.5 3 10 6 cells were used. Similar culture densities were verified prior to use. Fresh serum-free media were added for 4-24 h before LPS or inhibitor treatments. All inhibitors were applied 1 h before experimental treatment and given in doses as follows unless otherwise specified: GA (100 nM), 17-AAG (500 nM), BIIB021 (100 nM), and radicicol (10 lM). LPS was used in a concentration of 1 lg/ mL, H 2 O 2 (500 lM), and Poly (I:C) 100 lg/mL. These concentrations were based on our prior study in this model of endothelial cells and microglia, as well as preliminary dose-response assays for all the treatments used. The LPS, Poly (I:C), and H 2 O 2 concentrations were based on those used in the literature as well as that found in our hands to cause approximately 60-70% of cell death. For the HSP90 inhibitors, we used optimal concentrations that inhibited NO and NO signaling proteins without observable cytotoxic effect on cells as described previously (Kacimi et al., 2011) .
Cell Transfection and HSP70 Knockdown
Standard siRNA transfection was used for transient silencing of Hsp72 in BV2 cells. Cells were incubated in six-well plates for 48-72 h with either nontargeting siRNA control or HSP70 smart pool siRNA constructs from Dharmacon/Thermo Scientific (Waltham, MA) in Opti-DMEM media. Lipofectamine RNAiMAX transfection reagent (Invitrogen) was used to enhance siRNA delivery according to the manufacturer's instructions. To validate our transfection assay, we used Alexa Fluor V R Red Fluorescent Control siRNA as a positive control. Overall efficiency of transfection using this protocol was about 60-70% with minimal toxicity to the cells. After 2 days of transfection with either control siRNA or HSP70 siRNA for knockdown, cell-culture media were changed to serum-free defined media, cells were thereafter pretreated with 17-AAG for 1 h and subsequently incubated with the TLR4 agonist LPS or the TLR3 agonist Poly (I:C). In total, 24 h later, NO accumulation was evaluated using the Griess reagent as described in the methods below.
Fluorescence Microscopy. Fluorescence immunocytochemistry was performed on cells as described previously (Kacimi et al. 2011 ). The wells were washed twice in PBS and then fixed with acetone/ methanol (1:1) for 5 min at 220 C. Alternatively, cells were fixed in 4% of paraformaldehyde for 30 min at room temperature. The cells were then washed twice with PBS containing 0.2% of Triton X-100 for 15 min. Nonspecific binding sites were blocked in blocking buffer (2% BSA and 0.2% Triton X-100 in PBS) for 2 h. The cells were incubated with primary antibody-specific marker for the vascular unit cells as indicated at 1:100 dilution in blocking buffer overnight at 4 C and then washed three times with blocking buffer, 10 min per wash. The cells were incubated with either alexa or FITC-conjugated secondary antibody (Jackson ImmunoResearch, West Grove, PA) at 1:100 dilution in blocking buffer at room temperature for 1 h, then washed two times in blocking buffer, and one time in PBS, 10 min per wash. Fluorescence was visualized with an epifluorescence microscope (Zeiss Axiovert; Carl Zeiss), and the images were obtained on a PC computer using Axiomatic software (Zeiss).
NO Measurement. The accumulation of NO in cultures media was determined by the Greiss reagent using nitrite as standard as described previously (Han et al., 2002; Kacimi et al. 2011) . After 24 h of incubation, serum-free media were removed and fresh media were added. LPS or vehicle was then added, and cells were returned to the incubator. After incubation for 24 or 48 h, aliquots of the incubation media were removed and either stored at 280 C or used immediately for nitrite content analysis.
Immunoblotting. After each treatment period, cells plated on sixwell or 60-mm dishes were washed with cold PBS, and scraped into 500-lL lysis buffer. Lysates were sonicated and centrifuged for 5 min. The supernatant was collected and either used immediately or frozen at 280 C. Protein concentration was determined using the BCA protein assay (Pierce, Rockford, IL), and equal amounts of protein were loaded per lane onto 10-12% sodium dodecylsulfate-polyacrylamide gels, and were electrophoresed (SDS-PAGE) as described previously (Kacimi and Gerdes 2003; Kacimi et al. 2000 Kacimi et al. , 2011 . Gels were then transferred onto enhanced chemiluminescence (ECL)-nylon membranes in transfer buffer containing 48 mM of Tris, 150 mM of glycine, and 10% of methanol using a Transblot apparatus (Biorad, Hercules, CA) at 100 V for 1 h at 4 C. The membranes were saturated in PBS 0.1% Tween-20, and 5% nonfat dry milk for 1 h at room temperature and then probed with specific polyclonal antisera for iNOS and COX-2 in the same buffer for 1 h at room temperature with gentle agitation. Anti-phospho-JNK and phospoh-JAK2 mAbs were from Cell Signaling Technology (Danvers, MA). For all antibodies used, working dilution was 1:500 and 1:1,000 for rabbit and mouse primary antibodies, respectively. The membranes were washed three times with PBS 0.1% Tween-20. Bound antibodies were identified after incubation with peroxidaseconjugated anti-rabbit antibodies (1:2,000 dilution in saturation buffer) for 1 h at room temperature. The membranes were then rewashed three times and the position of the individual proteins was detected by chemiluminescence ECL according to the manufacturer's instruction.
Assessment of IjBa Degradation and Nuclear Factor
Kappa B Nuclear Translocation. IjBa in cytoplasmic extracts was detected by Western blot and nuclear translocation of the p65 nuclear factor kappa B (NF-jB) subunit was determined by immunofluorescence using specific antibodies against IKBa and NF-jB p65, respectively.
Cell Viability Assays. Cell viability was assessed by a diazo dye (Sun et al., 2006) 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, that measures mitochondrial respiration, an index of cell viability. At the end of the observation period, media were harvested, and MTT was added. Afterward, the absorbance of each sample was read by a multiwell spectrophotometer at 570 nm of wavelength. Cell viability was calculated as the percentage of absorbance in each sample versus the control. Alternatively, trypan blue exclusion and calcein stain was assayed for cell viability (calcein stain) as described previously (Kacimi et al., 2000 (Kacimi et al., , 2011 .
Statistical Analysis. All data were analyzed in a blinded fashion by the investigators unaware of the experimental condition. Significant differences were determined by either Student's two-tailed t-test for the comparison of the means of two samples or analysis of variance (ANOVA) for the comparison of more than two sample means followed by Newman-Keuls post hoc testing for multiple comparisons among sample means. The significance level was set at P < 0.05. Data are shown as mean 6 SEM.
Results
We first established that heat shock and GA treatments led to HSP70 induction (Fig. 1A,B) . GA dose dependently increased HSP70 in primary astrocyte cultures (Fig. 1B) . Similarly, other HSP90 inhibitors 17-AAG, radicicol, and BIIB021 also 1202 Volume 63, No. 7 FIGURE 1: A: Heat shock induces HSP70 in astrocytes. The schematic representation of Western blot of primary astrocyte whole-cell extracts using a mouse antibody specific for inducible HSP70 and graph to quantify these observations. HXR: 5 h hypoxia/24 h reoxygenation, HS: heat shock; 30 min at 42.5 C 1 1-day recovery, CT: control cultures were not exposed to insults. B: GA mimics the heat shock response by inducing HSP70 in astrocytes. A representative Western blot and graph of the data are shown. The treatment of astrocytes with GA for 24 h leads to dose-dependent increases of HSP70 protein, much like that seen with heat shock treatment. C: GA and similar HSP90 inhibitors increased HSP70 in astrocytes. The treatment of astrocytes with GA and GA analog 17-AAG, radicicol, or BIIB021 for 24 h induces HSP70 protein expression to similar levels as GA and heat shock treatment. D-G: Kinetics of HSP70 induction in the setting of endotoxin treatment with and without HSP90 inhibition by 17-AAG. BV2 cells were treated with LPS and the time course of HSP70 induction was determined at different times (1-12 h) with and without treatment with 17-AAG. Optical densitometric values were normalized to b-actin as a housekeeping control, and are expressed as the percentage of controls. Data are shown are mean 6 SEM, n 5 3-5 independent experiments *P < 0.05. induced HSP70 (Fig. 1C) . We then determined the kinetics of HSP70 induction in the setting of endotoxin treatment with and without HSP90 inhibition by 17-AAG (Fig. 1D) . BV2 cells were treated with LPS and the time course of HSP70 induction was determined at different times with and without treatment with 17-AAG. We found that LPS itself induced HSP70 as early as 1-h postapplication, then continued to increase 3 and 6 h later, but was no longer detectable by 12 h. In the presence of 17-AAG, induction of HSP70 above that by LPS alone was evident by 6 h and persisted at 12 h when LPS-induced HSP70 was no longer present.
We then treated astrocytes exposed to H 2 O 2 with these compounds 24 h prior to injury, and found that in all cases, they protected against oxidative stress (Fig. 2) . The concentration chosen was based on the pilot studies to determine the highest concentration of each compound that did not lead to toxicity (as evidenced by morphological changes in uninjured astrocytes or b.End.3 cells, data not shown). These agents also protected microglial BV2 cells from H 2 O 2 -induced injury (data not shown).
We then explored the effect of HSP70 induction and potential anti-inflammatory effects. Primary microgliaenriched astrocyte cultures (mixed glial cultures prepared without the removal of the microglia) were exposed to LPS, leading to the activation of primarily microglia, but astrocytes as well, and leading to increased nitric oxide (NO) generation. The application of HSP90 inhibitors in concentrations previously shown to be cytoprotective, all led to the abrogation of NO production (Fig. 2D) .
We next turned to a coculture model of brain-derived endothelial cells and microglia, where LPS treatment leads to endothelial cell death via microglial activation (Kacimi et al., 2011) . Cocultures of bEnd.3 and BV2 cells were prepared, and then treated with HSP90 inhibitors followed by LPS exposure. In all cases, HSP90 inhibitors led to improved cell viability (Fig. 3) . As LPS treatment in this model leads predominantly to bEnd.3 cell death, the protection was largely owing to the protection of bEnd.3 cells. However, when cultured alone, BV2 cells are also vulnerable to LPS exposure, and this vulnerability can be prevented by treatment with HSP90 inhibitors. BV2 cell death was reduced as assayed by calcein uptake and MTT (Fig. 4) . To determine whether these HSP70 inducers might exhibit anti-inflammatory effects, we measured both iNOS protein levels and NO accumulation by BV2 cells after LPS exposure. In all cases, HSP90 inhibitor treatment led to the suppression of NO production and iNOS protein expression (Fig. 5A,B) . Prior study has shown that HSP70's immune modulating properties are owing to the interactions with TLR4, the receptor upon which LPS acts. However, other study, including that from our own lab, has shown that HSP70 can also interfere with the proinflammatory transcription factor NF-jB) (Ran et al., 2004; Zheng et al., 2008) . To determine whether the antiinflammatory mechanism is through an interaction through TLR4 in our model or an alternate mechanism, we treated BV2 cells with the TLR3 agonist Poly (I:C). Poly (I:C) treatment also led to NO accumulation; however, treatment with the same HSP90 inhibitors also suppressed NO generation by Poly (I:C) in a manner similar to LPS, suggesting that the anti-inflammatory effect of HSP70 is not specific to TLR4 signaling (Fig. 5C) .
To determine whether the anti-inflammatory effect of HSP70 induction was through NF-jB or other factors, we assayed for NF-jB nuclear translocation, IKBa degradation, and JAK-STAT and JNK activation. We chose these factors based on our previous study that showed that these are the main transcription factors that lead to iNOS induction by LPS in BV2 cells (Kacimi et al., 2011) . Accordingly, we found that the HSP90 inhibitors prevented nuclear NF-jB translocation, IKBa degradation, and JAK2 phosphorylation after LPS exposure (Fig. 6) . JNK phosphorylation was affected to lesser extent.
To establish whether the anti-inflammatory effect of 17-AAG was owing to the induction of HSP70, we used siRNA to knock down HSP70 in BV2 cells. Using control siRNA containing Alexa Fluor to identify cells which took up the siRNA, we found that approximately 60% of the cells took up the reagent without any significant cytotoxicity (Fig. 7A) . In addition, to estimate the extent of HSP70 knockdown, we performed Western blots of HSP70. Our data show that 17-AAG increased HSP70, but this was prevented by HSP70 siRNA knockdown (Fig. 7B) . The knockdown of HSP70 blunted the anti-inflammatory effect of 17-AAG against TLR3 and TLR4 agonists as estimated by nitrite (NO) accumulation in the culture media (Fig. 7C,D) . The proportion of blunting was roughly similar to the extent of HSP70 knockdown. These data together indicate that HSP70 is responsible for the anti-inflammatory effect of 17-AAG. A proposed mechanism of 17-AAG's anti-inflammatory response against TLR4 and TLR3 in microglia BV2 cells is shown in Fig. 8 .
Discussion
We show that HSP70 can be pharmacologically induced by a panel of HSP90 inhibitors, and that this induction can protect brain-derived endothelial cells and astrocytes against oxidative and inflammatory stress. Pharmacologic HSP70 induction in microglial cells also exhibited anti-inflammatory responses. Further, we show that this is largely through the induction of HSP70 as knockdown of HSP70 led to the reduction of this anti-inflammatory effect. These observations are in line with that previously shown by us, where we used genetic approaches to selectively overexpress HSP70 Zheng et al., 2008 ). As it is not possible to genetically overexpress HSP70 in humans, we show a potentially translatable pharmacological means of doing so. These data suggest a therapeutic potential for HSP90 inhibitors to protect from proinflammatory insults, such as that seen in stroke, brain trauma, and neuroinflammation. We previously showed that HSP70 overexpression in either transgenic mice or cells treated with a viral vector encoding HSP70 inhibits the generation and activation of proteases implicated in the destruction of the brain's extracellular matrix (Lee et al., 2004) and decreases BBB disruption and subsequent brain hemorrhage (Kim et al., 2002) . Thus, pharmacological HSP70 induction has the potential to treat clinical conditions Quantitation of coculture experiments show that cell viability is decreased after LPS treatment, and this is prevented by GA (GA1), 17-AAG (17-AAG1), radicicol (radicicol1). GA: geldanamycin (0.1-0.2 M), 17-AAG, and (0.5-1 mM); radicicol: (RDC, 10 lM). n 5 4-6 independent observations, *P < 0.05 versus control, #P < 0.05 versus LPS.
where the preservation of the BBB and prevention of brain hemorrhage may be desirable.
We studied a panel of HSP90 inhibitors that have been previously studied at the clinical level in patients with cancer (Jhaveri et al., 2012) . We replicated prior studies of GA which showed protection in brain cells (Xu et al., 2003) , then explored whether similar protection could be observed with other inhibitors. Although GA has been previously shown to protect against experimental stroke (Kwon et al., 2008; Lu et al., 2002) and related brain injury models (Ouyang et al., 2005; Xiao et al., 1999) , it was poorly tolerated in humans owing to liver toxicity (Supko et al., 1995) . Thus, we expanded our observations to include additional HSP90 inhibitors, radicicol, 17-AAG, and BIIB021. 17-AAG was developed as a less toxic analogue of GA, and is the most widely studied HSP90 inhibitor in more than 30 clinical studies including some at the Phase 3 level (Porter et al., 2010) . BIIB021 has also been studied in humans in Phase 2 studies of cancer, and it is also available in a form that can be given orally (Lundgren et al., 2009; Porter et al., 2010) . Radicicol was identified as a naturally occurring HSP90 inhibitor, but was unfortunately found to degrade quickly in vivo (Porter et al., 2010) . Most of these studies were carried out in cancer trials, but little work has been carried out in cell injury models although radicicol was shown to protect renal cells from ischemia-like insults (Sonoda et al., 2010) . Regardless, we found similar effects for all HSP90 inhibitors in our in vitro model, and would support further investigation of any or all of these compounds.
We used an in vitro model of endotoxin-activated microglia which in turn led to damage to brain endothelial cells (Kacimi et al., 2011) . This model could be said to model the aspects of brain ischemia/trauma, neuroinflammation, and sepsis where injurious or inflammatory stimuli activate immune cells and lead to BBB disruption (Alvarez et al., 1996; Hanisch, 2002; Lehnardt, 2010) . BBB disruption can lead to secondary damage owing to the leakage of serum proteins into the brain leading to edema and cytotoxicity. With extreme BBB disruption, hemorrhage can occur. Thus, by protecting the brain's vasculature from immune attack through HSP70 induction, secondary consequences of brain injury could be ameliorated. This beneficial effect on endothelial cells was related to the suppression of immune responses in microglia.
The past studies have indicated that HSP70 can act as ligands for the Toll-like receptors (TLRs) present on immune cells including microglia (Giffard et al., 2008) . In order for HSP70 to bind TLRs, it would need to be extracellular. In our model, HSP70 was generated intracellularly, and while it is possible that it could have been secreted, our data suggest that it likely acts in the intracellular compartment. Furthermore, HSP70 binding to TLRs tends to result in proinflammatory signaling, whereas our data indicate that its actions are anti-inflammatory.
LPS was used to stimulate NO production and iNOS protein synthesis in microglia, and these stimulated microglia led to endothelial cell disruption. The treatment with HSP90 inhibitors suppressed LPS-induced activation of microglia with parallel decreases in endothelial cell death. As LPS activates microglia by binding and activating the TLR4 pathway (Holm et al., 2012) , we explored whether other TLR pathways might be similarly affected. Interestingly, GA also inhibited NO and iNOS generation by the TLR3 agonist Poly (I:C). Thus, the anti-inflammatory effect of HSP70 is likely downstream of the TLRs, and probably also acts intracellularly where it is generated through HSP90 inhibition.
Prior work relating to HSP70 and its ability to suppress immune responses has also indicated that HSP70 may interfere with the activation of proinflammatory transcription factors such as NF-jB (Ran et al., 2004; Zheng et al., 2008) . We previously showed that in our model system, LPSactivated microglia lead to proinflammatory responses through NF-jB and JAK STAT activation, and these responses could be inhibited by their respective inhibitors (Kacimi et al., 2011) . Accordingly, we found that HSP90 inhibitors prevented IkB degradation, nuclear NF-jB translocation, and JAK-STAT phosphorylation owing to LPS. Thus, the mechanism of HSP90 inhibitors on inflammation may be related to the inhibition of the proinflammatory factors. Nitrite accumulation as measured by Griess reagent shows that LPS increases NO, whereas HSP90 inhibitors all decrease it. n =5-8 experiments, P < 0.05 was considered significant. *Versus control, # versus LPS. C: HSP90 inhibitors prevent TLR3 agonist induced NO in BV2 cells. BV2 microglia cells were treated with the TLR3 agonist, Poly (I:C) (PIC), either alone with vehicle or HSP90 inhibitors for 24 h. NO levels were estimated by the amount of nitrite accumulation using the Griess reagent. n 5 5-8 experiments, P < 0.05, *versus control, # versus LPS.
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Volume 63, No. 7 FIGURE 6: A: Immunofluorescent stains of NF-jB in BV2 cells show predominantly cytosolic staining in unstimulated control cells (control). LPS treatment led to overall NF-jB upregulation with staining within the nucleus (LPS). The treatment with 17-AAG (17-AAG1) prevented the LPS-induced NF-jB upregulation and nuclear staining is decreased. Cells were also stained with DAPI to delineate nuclei. Merging (Merge) of the two stains shows NF-jB relative to the nucleus. B: Western blots of BV2 cells show that LPS decreases the expression of NF-jB's endogenous inhibitor IjBa. This is consistent with NF-jB activation as IjB is degraded, and thus permitting NF-jB to translocate to the nucleus. This decrease is prevented by 17-AAG treatment. C and D: Similarly, LPS led to increases in phosphorylated JAK2 (p-JAK2) (C) and JNK1/2 (p-JNK1/2) (D). 17-AAG inhibited pJAK2 expression, and to a lesser extent, pJNK1/2. b-Actin is shown as a housekeeping control. Data in the graphs are expressed as the mean 6 SEM of n 5 5 independent experiments. P < 0.05 *versus control, # versus LPS. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] FIGURE 7: HSP70 gene knockdown prevents 17-AAG anti-inflammatory response against TLR4 and TLR3 in microglia BV2. A: BV2 cells were transfected with control siRNA linked to Alexa Fluor as a marker of cell uptake. Fluorescent imaging (fluorescent siRNA Control) shows cells which took up the siRNA as evidenced by the red stain. Phase contrast (Phase) delineates all of the cells from the same field, and these cells do not demonstrate any obvious cytotoxicity. B: BV2 cells were transfected with either control siRNA or siRNA against HSP70. Two days after transfection, culture media was changed to serum-free defined media, and cells were treated with 17-AAG or vehicle (control) for 24 h. Western blot was used to determine the efficacy of HSP70 silencing. Cultures in which HSP70 was knocked down failed to induce HSP70 by 17-AAG (B). Data in the graphs are expressed as the mean 6 SEM of n 5 3 independent experiments. *P < 0.05 versus control, #versus 17-AAG treatment in cells in which HSP70 was knocked down. C, D: BV2 cells were transfected with either control siRNA or HSP70 siRNA for 48 h. Two days after transfection of the BV2 cells, culture media was changed to serum-free defined media, then treated with 17-AAG for 1 h, and incubated with the TLR4 agonist LPS (C) or the TLR3 agonist Poly (I:C [PIC]) (D). Control cultures (control) were treated with siRNA but not exposed to agonists. Twenty-four hours later, NO was estimated by measuring nitrite accumulation using the Griess reagent. Data in the graphs are expressed as the mean 6 SEM of n 5 5 independent experiments. P < 0.05 * versus control, # versus LPS or PIC treatment, ƒ versus LPS or PIC treatment in cells in which HSP70 was knocked down. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
Conclusions
In sum, HSP90 inhibitors induce HSP70, lead to antiinflammatory effects, and protect brain-derived endothelial cells from death. These inhibitors should be studied in appropriate in vivo models of brain injury and inflammation. The work from our lab indicates that at least GA and 17-AAG will penetrate into the brain after parenteral administration, and will decrease BBB disruption and brain hemorrhage (Kim et al., 2015) . Future work should be considered in terms of bringing one or more of these compounds to the clinic for neurological disorders.
